The effects of low concentrations of human serum on antibody-sensitized sheep erythrocytes (EA) were studied. We report that exposure to low concentrations of serum induced a large but transient increase in the membrane permeability of those EA that do not lyse. This change in the permeability of the erythrocyte membrane resulted in net uptake of Na+ and decrease in cell K+, without affecting the total internal cation content. Although exposure to serum also allowed for net uptake of larger molecules like L-glucose, it did not lead to cell swelling. Experiments with sera genetically deficient in one of the terminal complement components showed that C8, but not C9, was required to produce the observed change in membrane permeability. Therefore, we propose that the C5b-8 complex can mediate the transient increase in permeability observed in unlysed erythrocytes during complement activation by whole serum.
Introduction
Activation at the cell surface of the complement system can lead to lysis of erythrocytes or nucleated cells (1) . Nucleated cells are more resistant to complement-mediated cytolysis than mammalian erythrocytes (2) , probably as a result of repair mechanisms triggered by complement attack (3) (4) (5) (6) (7) . Although much is known about the mechanism by which the complement components produce the membrane damage that leads to the lysis of erythrocytes (reviewed 8, 9) , less is known about the sublytic effects of complement on the mammalian erythrocyte. C4 and C3 antigen are bound to erythrocytes in situations in which complement is activated, such as in the presence of autoantibodies (10) and when erythrocytes are stored in plasma (1 1) , but COb-9 antigen has not been detected in unlysed cells (10) . These findings are explained because complement mediated lysis, especially by homologous complement, is inhibited by at least two membrane proteins: the decay accelerating factor (DAF)' (12) and the C8b binding protein (C8bp), also known as the homologous restriction factor (13, 14) . DAF limits the cleavage ofC3 and C5 and thereby limits the amount of C5b-8 (12, 15, 16 ) generated by the membrane-bound C5 activating enzyme, whereas C8bp interferes with the interaction ofC8 and/or C9 with C5b-7 or C5b-8 complex (13, 14) .
To characterize further the nonlytic effects of complement on erythrocytes, sheep erythrocytes sensitized with antibody were exposed to diluted human serum and changes in membrane permeability, cation composition and cell volume were monitored in the unlysed erythrocytes. In these experiments complement induced a transient increase in membrane permeability to Na' and K+, as well as to L-glucose, which resulted in a change of the cation composition of the cells. This change in permeability did not result in measurable cell swelling or subsequent lysis. From experiments using sera genetically deficient in either C8 or C9 we concluded that activation of complement through the C8 step was required to produce sublytic permeability changes and we speculate that C5b-8 might be responsible for the transient increase in permeability of the erythrocyte membrane observed in our experiments.
Erythrocytes, as "innocent bystanders" (17, 18) , are not protected by DAF from the binding and membrane insertion of C5b-7 complexes generated in the fluid phase; nor are they protected from the subsequent binding ofC8 to the membrane bound COb-7. It is possible that sublytic insertion of C5b-8 complexes into cell membranes may modulate cellular functions through transient changes in the permeability of the membrane of the target cell.
Methods
Complement reagents and assays. An 2.5 ml of cell suspension in GVB.D2' (3 X 108 cells/ml). The radioactivity in three 20-Ml aliquots of each reaction mixture was measured to determine the initial specific activity of the isotopes. Serum was added to the prewarmed cell suspension at 0 time. At intervals thereafter, 0.4-ml samples were removed from the reaction mixtures and added to 0.5 ml of isotonic choline chloride that had been layered on top of 0.4 ml of n-butylphthalate (Fisher Scientific Co., Fair Lawn, NJ) in 1. In order to assess whether this methodology can separate lysed ghosts from unlysed cells a control experiment was carried out at a serum dilution producing 100% lysis. Under these conditions no radioactivity over background was recovered in the pellet after centrifugation of the cell suspension. This indicates that erythrocyte ghosts do not sediment through the phthalate layer and, therefore, tracer trapped by the resealed ghosts does not contribute to the radioactivity measured in the unlysed cells.
Measurement of net Na' and K+ fluxes and density distribution profiles. The net movements of Na' and K+ at each time were determined simultaneously with the uptake of radioactive Na'. After counting, the Na' and K+ content of the lysate was determined by atomic absorption spectrometry. The ion concentration in millimoles per liter of cells was calculated using the concentration of hemoglobin in the lysate and the hematocrit and concentration of hemoglobin of the initial cell suspension. Density distribution profiles were determined by the phthalate method as previously described (24) .
Results
To investigate the effects of complement on those erythrocytes that survive exposure to low concentrations of serum, antibody-sensitized sheep erythrocytes (EA) were exposed to a concentration of human serum (: 1/120) that produced 30% lysis upon incubation at 370C in GBV.D2 . Since complement induces lysis by increasing the permeability of the cell membrane, it was of interest to assess whether changes in membrane permeability occurred in unlysed cells exposed to complement. Unlysed cells were separated from lysed cells by the phthalate procedure as described in Methods. The uptake of radiolabeled Na' and L-glucose by EA was measured at different intervals before and after the addition of serum. In the absence of serum, the influx of Na' and L-glucose were 2.6 and 0.1 mmol/liter cells/h, respectively. In the presence of a serum dilution that produced 30% lysis, the uptake of Na' and L-glucose by the unlysed cells increased 3-10- maximal value following a time course parallel to that of the lysis (inset, Fig, 1 ). In the experiment depicted in Fig. 1 a, the uptake ofNa' reached a maximal and constant value when the cells were not at isotopic equilibrium with the extracellular medium (specific activity in the medium: 14 X 106 cpm/ mmol; specific activity in the cells: 4 X 106 cpm/mmol). This suggested that the increase in the permeability of EA membranes induced by low serum concentrations was transient and was reversed before equilibration could be reached. Increasing concentrations of serum increased the total uptake of Na' by the unlysed cells as well as the number of cells lysed (Fig. 2, cf . the figure legend).
To evaluate further if complement induces a transient increase in membrane permeability in the unlysed cells, unidirectional influxes of Na' and L-glucose, were measured using radioactive tracers (22Na and [14C]L-glucose) at different times after the addition of serum to the cell suspension. Diluted serum was added to the cell suspension at 0 time and samples of the reaction mixture were subsequently removed at different time intervals, and mixed with the isotope to start the influx assay. Thereafter the samples were handled as described in Methods for the uptake assay. When the cell suspension was mixed with the isotope at 0 time, the uptake by EA in the presence and in the absence of serum was the same for the initial 2 min. The first 2 min presumably represents the lag phase of complement activation. After 2 min a large increase in the uptake of both isotopes was observed in the serum treated cells (Figs. 3 and 4) . The uptake increased until it reached a maximum value at 5 min, and then progressively decreased to the original low value of the control cells. Since the linearity of tracer uptake required to calculate the initial unidirectional influx was not met within the time frame of the first three determinations (30, 60, and 90 s), the initial influx was estimated from the slope of the line connecting the origin with the value of the first measurement (30 s (Figs. 3 b and 4 b) . Upon addition of serum, there was a transient increase in the membrane permeability to Na' which peaked at 5 min after addition, and then progressively returned toward the values observed in cells not exposed to serum (Fig. 3 b) . The change in permeability to L-glucose that followed the addition of serum parallelled that observed in the permeability toward Na' (Fig. 4 b) . CONTROL 1/100
1/80 SERUM DILUTION Figure 2 . Na' uptake by EA as a function of serum concentration. EA (2 X 108/ml) were exposed to the specified dilution of serum for 60 min. 22Na was present in the medium at 0 time. Uptake was determined as described in Fig.  1 . The lysis at each serum dilution after 60 min was: I I% at I/100, 36% at 1/80, and 60% at 1/60. Time after complement (min) Figure 3 . Na' uptake by EA measured at different times after the addition of serum. A suspension containing 2 X 108 cells per ml was incubated at 370C with a 1/120 dilution of serum, which was added at 0 time. At 0, 5, 10, 15, 20, 30, and 60 min, 2.2-ml samples were removed and added to tubes containing 2 2Ci of 22Na to form the influx reaction mixture, which was subsequently incubated at 370C. From each one of these influx reaction mixtures aliquots of 0.4 ml were removed at 0.5, 1, 2, 4, and 10 min, diluted into 0.5 ml of isotonic choline chloride solution, which was layered on top of 0.3 ml of phthalate, and then processed as described in Methods. The basal Na' uptake was determined in the absence of serum (data not graphed). The initial rate of the Na' influx into sensitized erythrocytes, was determined from the slope of the lines connecting the 0 time with the 0.5-min points, except in the case of the 0 time curve where the influx was calculated between the 2-and 4-min points.
The apparent rate constant of the influx (h-') was calculated by dividing the influx (in mmol/liter cells/h) by the concentration of Na' in the medium (140 mM).
To determine how the transient increase in permeability induced by complement activation in unlysed erythrocytes influences the cation content and volume of the cells, the intracellular Na' and K+, as well as cell density distribution, were measured by atomic absorption spectrometry at different intervals after addition of serum. EA contained 15 and 95 mmol/liter cell of Na' and K+, respectively, a value similar to that of fresh sheep erythrocytes. 6 min after addition of serum (the time of maximal permeability, cf. Figs. 3 and 4 ) the intracellular Na' had increased 2-3-fold and the intracellular K+ decreased so that the total cation content did not change significantly (Fig. 5) . These changes in the internal cation composition ofthe EA persisted for at least 40 min. To assess the ability ofthe unlysed EA to recover their original cation composition, a similar experiment was performed but the unlysed cells were Time after complement (min) Figure 4 . L-glucose uptake by EA measured at different times after the addition of serum. The uptake of L-glucose by EA was measured exactly as described in Fig. 3 (25) . Surprisingly, the density distribution profiles of the EA did not change after exposure to diluted serum (the mid-point of the density distribution of EA was 0 CONTROL ,10 20 40 Time after complement (min) Figure 5 . (Fig. 6 ). The addition of purified C8 not only reconstituted the deficient serum for lysis, but also produced the transitory change in the membrane permeability of the unlysed cells. To determine if C9 were also required, C9-deficient plasma was used as the complement source. In the presence of C9-deficient plasma, a low level of lysis was observed (< 5% after 60 min at the highest plasma concentration tested, Fig. 7) . However, this C9-deficient plasma induced a significant increase in the uptake of Na+ by the unlysed cells, which reached almost the same value in the presence and absence of purified C9 (inset, Fig. 7) . Similar results were obtained when the uptake of L-glucose was studied (data not shown). These results indicate that C9 was not required to produce the transient increase in the membrane permeability of the erythrocytes induced by complement activation.
Discussion
The major known nonlytic effect of complement activation on the erythrocyte membrane is the deposition of membrane bound C4b and C3b (10, 1 1) . This ill OF SERUM Figure 6 . Lysis and Na+ uptake by EA exposed to C8-deficient serum with and without the addition of isolated C8. 20 Ml of either C8 (20 U) or GBV. D2' were added to 30 ,l of C8-deficient serum. EA 2 X 108/ml were exposed to different concentrations of reconstituted (i) and nonreconstituted (o) C8-deficient serum, and percent lysis determined after 60 min incubation at 37°C. (Inset) The uptake of Na+ over a period of 1 h was determined as described in Methods. Reconstituted (C8+) and unreconstituted (C8-) C8-deficient serum
(1/75 dilution of each) were added at 0 time simultaneously with the isotope (22Na).
on erythrocytes. Conditions of complement activation were adjusted to give -30% lysis, and thereby achieve a balance between exposure to complement and a useful recovery of unlysed erythrocytes (inset, Fig. 1 ). Addition ofserum caused a rapid uptake ofNa+ and L-glucose into EA, compared with EA that were not exposed to serum (Fig. 1 a and b) . In this experiment a fraction of the isotope uptake during the first 15 min might have been contributed by cells that would have subse- Lysis and Na+ uptake by EA exposed to C9-deficient plasma with and without the addition of isolated C9. 7 ng of isolated C9 (Cytotech) were added to 500 M1 of C9-deficient plasma. Sensitized erythrocytes 2 X 108/ml were exposed to different concentrations of reconstituted (-) and nonreconstituted (o) C9-deficient plasma, and percent lysis determined after 60 min incubation at 37°C. (Inset) The uptake of Na+ over a period of 1 h was determined as described in Methods. Reconstituted (C9+) and unreconstituted (C9-) C9-deficient plasma (1/50 dilution of each) were added at 0 time simultaneously with the isotope (22Na).
quently lysed. However, the persistence of increased intracellular amounts of both isotopes, 22Na and L-['4C]glucose, after 15 min, a time when there was no further lysis (inset, Fig. 1 ), indicates that an increased uptake also took place in the unlysed cells. Although an increased influx of Na' stimulated by complement activation, might involve activation of specific transport systems in the cell membrane such as Na-Na exchange through the Na-K pump, Na-H exchange, Na-COH3 cotransport (reviewed, 26) , the increased influx of L-glucose can only be explained by an increase in membrane permeability because there is no transport mechanism for the L-isomers of glucose (27) . Moreover, EA exposed to serum lost K+ in an amount equal to Na' gain. We conclude that EA which survived exposure to complement developed membrane permeability pathway(s) through which Na', K+, and L-glucose can move.
Both the uptake of Na' and L-glucose reached a maximal and constant value when the cells were not at isotopic equilibrium with the extracellular medium (Fig. 1) . Ifthe cell population were uniformly affected by activated complement, the absence of isotopic equilibrium when the uptake reached a maximal value would indicate that the enhancement of the membrane permeability which occurred in the unlysed EA was terminated before equilibration. Alternatively, the failure of the isotopes to reach an equilibrium distribution might be explained if only some cells were affected by complement.
However, whether the measured changes in Na+ and L-glucose uptake were due to changes in the membrane permeability of the total cell population or of a subpopulation oferythrocytes, the changes must have been transient since a prolonged state of increased permeability would have resulted in the eventual lysis of the affected cells, which was not seen (inset, Fig. 1 ). Confirmation of the transient nature of the increased permeability produced by complement in the unlysed EA was obtained from the flux experiments (Figs. 3 and 4) . It is ofinterest to note that the highest permeability occurred simultaneously with the maximal rate oflysis, an event that has been shown to depend on the insertion of C5b-9 complex(es) in the cell membrane. It has been established previously that these complexes form stable opened channels across the cell membrane that cause an irreversible increase in membrane permeability, leading to colloid-osmotic lysis (28, 29). In contrast, the experiments reported here indicate that complement can also induce a reversible change in membrane permeability without compromising the survival of the cells.
The enhanced permeability induced by sublytic complement activation depended on the concentration of complement and correlated with the amount of complement-induced lysis (Fig. 2) . Lysis by complement also depends on the concentration of complement, which determines both the number of lesions per cell (30) to the C9-deficient plasma only slightly increased the uptake of either isotope, although it did generate a threefold increase in the amount of lysis (Fig. 7) . These data are consistent with a model in which transiently opened C5b-8 channels are responsible for the complement-induced, self-limited, increase in membrane permeability observed in our experiments. It is of interest to note that the conductance generated in lipid bilayers by C5b-8, but not that generated by C5b-9, is dependent on the voltage applied to the electrical field across the membrane (31) . Voltage gating might be involved in the operation of the C5b-8 lesions produced in the erythrocyte membrane by sublytic concentrations of complement. C5b-8 can lyse erythrocytes, albeit at a much slower rate than that produced by C5b-9 (32-36). However, the transient increase in permeability produced by sublytic complement concentrations, which we propose might be mediated by COb-8, did not lead to lysis. The reason why C5b-8 under some circumstances may produce lesions that lead to slow lysis while under other circumstances, such as those described in this work, produces only transient changes in membrane permeability, is not known at present. Nor is it known whether C9, when present in the medium, binds to the C5b-8 lesion which induces the transient change in membrane permeability.
It is interesting that those erythrocytes which survived complement activation did not swell although they underwent a transient but large increase of their membrane permeability. The complement-induced increase in permeability of the membrane allowed equimolar movements ofNa' and K+ (Fig.  5) , and no increase in cell volume. A similar phenomenon has been observed in the unlysed cells exposed to mellitin (37) , a channel forming protein. This could reflect an equivalent exchange of external Na+ for internal K+ through the complement-induced channels. This would not influence the total ion distribution between intra-and extracellular compartments nor would it influence water movement. However, such an exclusive exchange of cations is unlikely since the transient permeability pathway induced by complement is large enough to permit the passage of L-glucose (Fig. 4) . Alternatively, it is possible that cell mechanisms that prevent swelling were activated secondary to the sudden increase in permeability induced by complement, or that the cells could have swollen and recovered before the first density distribution was determined.
It is well documented that nucleated cells are more resistant to complement mediated lysis than erythrocytes (2) , and the basis for this resistance depends in part on the ability ofthe nucleated cell to eliminate the terminal complement attack complex from its plasma membrane (3) (4) (5) (6) (7) . Our data indicates that erythrocytes might also recover from sublytic complement damage. Platelets, other nonnucleated cells, have been documented to recover from the permeability changes produced by sublytic complement (38) . Whether the termination of enhanced permeability in the erythrocytes depends on intrinsic properties of the terminal attack complex, or whether it depends on an active erythrocyte process is not known at present. The final recovery of the cell's normal cation content, however, must depend on active erythrocyte metabolism, because cation gradients are restored.
The transient fluxes of ions and/or other molecules due to the insertion of terminal complement complexes in the membrane of erythrocytes or other cell types may be biologically important. Calcium influx through transient permeability pathways induced by complement may trigger a variety of Ca2+-calmodulin dependent cell responses. In some nucleated cells and platelets sublytic complement activation stimulates the production and release of cell mediators probably secondary to a rise in intracellular calcium (reviewed, 39). Furthermore, calcium influx through complement C5b-8 complexes leads to formation and release of prostacyclin by endothelial cells (40) . Thus, it is possible that transient changes in membrane permeability due to sublytic activation of complement may contribute to regulate physiological and/or pathological functions of the cells.
